As part of an interdisciplinary research project, the performance response of sows and their litters to the probiotic strain Enterococcus faecium NCIMB 10415, as well as some health characteristics of the piglets, were studied. Gestating sows (n = 26) were randomly allotted into 2 groups. The probiotic was administered by dietary supplementation to 1 group of sows and their respective litters (probiotic group), whereas the second group (control group) received no probiotic supplementation. The duration of the treatment was nearly 17 wk for sows (d 90 ante partum until d 28 postpartum) and 6 wk for piglets (d 15 to 56). Body weight and feed consumption were recorded weekly. The frequency of 4 toxin and 5 adhesion genes of putative pathogenic Escherichia coli was monitored weekly (d 7 to 35) by multiplex PCR assays, and fecal consistency of weaned piglets was studied daily. Probiotic treatment of lactating sows led to an overall preweaning mortality of 16.2% compared with 22.3% in the control group (P = 0.44). Animal losses during the
INTRODUCTION
A variety of substances are administered as feed additives to farm animals to improve a range of features relevant for animal production (Göransson, 2001; EC No. 1831 Wenk, 2003) . Many feed additives target intestinal bacteria because the development of the complex gastrointestinal system holds the key to productivity in all domestic livestock (Jensen, 1998) . Probiotics claim beneficial effects by 1 This study was supported by the German Research Foundation (DFG) -FOR438. The authors wish to thank S. Weinholz for technical assistance and F. Antonelli as well as G. Arndt for advice and help in statistical evaluation of the data. 2 608 first 3 d of the suckling period were decreased in the probiotic group (P = 0.09). For piglets (n = 153), which were weaned at 28 d, there were no overall treatment differences in BW gain, feed intake, or feed efficiency. Probiotic supplementation, however, led to nearly a 40% reduction (P = 0.012). The actual percentage of piglets with postweaning diarrhea in the probiotic group was 21% compared with 38% in the control group (P = 0.05). The study on virulence factors of dominant fecal E. coli isolates revealed a high diversity with varying frequency and distribution of each single pathogenicity gene. The 440 isolates carried 29 different pathogenicity gene combinations as well as each of the 9 pathogenicity genes alone. Altogether, isolates with more than 2 pathogenicity genes were quite rare (≤10%), and up until d 28 isolates without any pathogenicity gene occurred most frequently. Depending on the time of sampling, one-third or more of all isolates contained est2 or est1b as single gene or in combination with other pathogenicity genes.
Studies indicate a favorable impact of probiotics if applied early in life . Therefore, the objective of this study was to investigate the effectiveness of a long-term application of the EU-authorized probiotic strain Enterococcus faecium NCIMB 10415 on performance and health characteristics of sows and their offspring. The animal trial in this study was the basis for a multidisciplinary research group (German Research Foundation, Research Unit 438) enabling an integrative analysis of the modes of action of probiotics in swine Nordhoff et al., 2005; Pollmann et al., 2005; Scharek et al., 2005) .
MATERIALS AND METHODS
The study was approved by the local animal welfare committee of the Federal Ministry of Consumer Protection, Food and Agriculture (No. G0037/02).
Animals and Housing
Landrace × Duroc sows (n = 26) and their litters were used. Gestating sows were housed without straw bedding on a concrete floor in an environmentally regulated building in groups of 3 to 4 sows. Sows were moved to the farrowing facilities 10 d before the expected parturition, where they were housed individually on straw bedding, together with their litters, until weaning. To promote intake of prestarter feed, litter size within each treatment group was adjusted to meet an exclusion criterion of at least 9 but not more than 15 living piglets at 24 h after birth.
Piglets were weaned after d 28 of age and reared together with their littermates as pairs or triplets in pens (2 m 2 /pen) that were segregated from each other by continuous partitions up to a height of 0.4 m topped with an additional 0.4 m of metal grid. Sows and piglets of both treatment groups were strictly separated in housing facilities with identical constructional and environmental conditions, which were spatially discrete from each other (i.e., the distance between the facilities of treatment groups for sows and weaned piglets was at least 120 and 15 m, respectively).
Each animal facility was equipped with its own maintenance tools, disinfection spray, and floormats soaked in disinfectant. Direct contact between keepers and pigs was restricted to the minimum necessary to prevent transmission of microbiota between treatment groups. The absence of the probiotic strain in animals of the control group was confirmed in random fecal samples of sows and piglets as well as intestinal contents of piglets .
From a total of 5 randomly chosen litters of each treatment group, 1 piglet per litter was selected at random, each at the end of d 14, 28, 35, and 56, respectively (i.e., 20 piglets per treatment), to be killed for additional microbiological, immunological, physiological, and histological investigations of the intestinal tract (data not shown; partially published by Macha et al., 2004; Taras et al., 2004; Nordhoff et al., 2005; Pollmann et al., 2005; Scharek et al., 2005) . Because monitoring of the microbial composition in feces and digesta was one of the main aims of the study, the application of prophylactic and therapeutic antibiotics to gestating and lactating sows as well as piglets was prohibited during and at least 3 mo before the study. Animals (or in the case of nursing piglets, the whole litter) that needed medication, which might have had the potential to alter the intestinal microbiota, were excluded from the trial.
The lighting program was 16 h light and 8 h of darkness. The room temperature and relative humidity were adjusted to 21.5°C and 65.0%, respectively.
Diets
Two diets differing only in probiotic supplementation were used for each respective age group and reproduction stage. Sows were randomly assigned to 1 of 2 dietary treatment groups, which were then also implemented on their respective litters. The basal diets for the sows were composed mainly of barley and wheat, and the basal diets for piglets were based on wheat and soybean meal (Table 1 ). All sow diets were pelleted, but piglet diets were fed in mash form. Gestating sows and lactating sows were fed restrictively according to their body mass and litter size, respectively. Piglets had ad libitum access to prestarter feed from d 15 to 28 and to starter feed from d 29 to 56 of age. Sows and piglets had ad libitum access to water.
Probiotic supplementation for gestating sows in the probiotic group began 24 d after mating (i.e., the time at which pregnancy was confirmed), whereas all other probiotic diets for the different feeding phases were supplemented from the beginning of the respective phase. The supplemented probiotic strain is deposited as NCIMB 10415, but also has been referred to as E. faecium SF68 (Wunderlich et al., 1989; Mä nner and Spieler, 1997; Benyacoub et al., 2003) . Enterococcus faecium NCIMB 10415 was used in a microencapsulated form of a commercial batch of the EC authorized probiotic feed additive Cylactin (Cerbios-Pharma, batch No. AG0551, Barbengo, Switzerland), which was mixed with the respective diets and pelleted at 50°C where indicated.
Using colony hybridization of Enterococcus spp. grown on Slanetz-Bartley agar (Oxoid, Basingstoke, Hamshire, UK) in combination with a strain-specific oligonucleotide probe as described , the mean concentration (±SEM) of the supplemented E. faecium NCIMB 10415 in the feed for gestating sows, lactating sows, nursed piglets, and weaned piglets was 1.6 (± 0.5) × 10 6 , 1.2 (± 0.3) × 10 6 , 1.7 (± 0.8) × 10 5 , and 2.0 (± 0.4) × 10 5 viable cells/g of feed, respectively. The probiotic strain was not detectable in control feed , and other Enterococcus strains reached only low colony counts ; 420 g of Se as NaSeO 3 ; 0.6 mg of I as NaI, 1.5 g of Na as NaCl; and 0.6 g of Mg.
5 Calculated value for ME and lysine, all other values are analyzed.
of less than 1,000 cfu/g. The applied diets were formulated to fulfill NRC recommendations (NRC, 1998) using a commercial optimization software (Hybrimin version 1.6.5, Hess. Oldendorf, Germany). All diets were analyzed for the nutrient contents (DM, CP, crude fiber, crude ash, Ca, and P) according to recommendations of the Verband Deutscher Landwirtschaftlicher Untersuchungs-und Forschungsanstalten (VDLUFA, i.e., the Association of German Agricultural Tests and Research Institutions; Naumann and Bassler, 1993) .
Performance
The number of live-born piglets, weight loss of sows during lactation, litter weight at birth and weaning, as well as piglet mortality until weaning, served as performance indicators for the sows. Body weight of piglets was documented in weekly intervals over an 8-wk period. Weekly feed intake per pen of weaned piglets was measured as weight of feed disappearance minus weight of spilled or wasted feed. From these data, BW gain per pen and feed efficiency per pen were calculated. Fecal consistency was measured daily using a macroscopic score from 1 to 4 (firm to liquid). Diarrhea was defined as liquid consistency (score 4) over a minimum of 2 consecutive days (Mä nner and Spieler, 1997). The number of weaned piglets with diarrhea and its duration were recorded. The incidence of diarrhea (%) was calculated as a percentage of the number of newly affected piglets during the first 4 wk after weaning divided by the total number of weaned piglets.
Detection of Porcine Pathogenic Escherichia coli Isolates
Four litters in the probiotic group and 5 litters in the control group were selected at random to investigate the gene frequency of pathogenic E. coli isolates. From each litter fecal samples of 1 at random selected healthy piglet (see Table 4 ) were taken immediately after defecation 1 wk after birth (d 7), directly before the first solid feed was offered (d 14), 3 wk after birth (d 21), just before weaning (d 28), and 1 wk after weaning (d 35). Fecal samples were subject to a series of 10-fold dilutions in sterile PBS and incubated in duplicate on selective DEV-Endo-Agar at 37°C for 24 h. Lactose-positive colonies with typical green-metallic appearing surface were enumerated as cfu of putative E. coli (in the following referred to as E. coli) on those agar plates. From those plates, dilutions with a maximum of 50 colonies were selected, 10 lactose-positive colonies per sample were picked off at random (i.e., a total of 440 colonies), and supernatants of the heated cell suspensions used as PCR templates.
The commercially available PCR mastermix (Multiplex PCR kit, Qiagen, Hilden, Germany) was mixed with 1 pmol of equimolar primer pairs directed against 5 adhesin and 4 toxin gene sequences (Göbel, 2003) . In detail, the 9 genes were fae, fan, fas, fedA, fimf41, est2, est1b, elt1a, and stx2e, which encode the K88 adhesin (F4), the K99 adhesin (F5), the 987P pilus (F6), the F18 fimbrium, the F41 fimbrium, the heat stable enterotoxin II, the heat stable enterotoxin I, the heat labile enterotoxin I, and the shiga-like toxin IIe, respectively.
Touchdown-PCR was performed using a T-1 Thermocylcler (Biometra, Göttingen, Germany) running the following program: 900 s at 95°C for activation of polymerase, 10 cycles of 30 s at 94°C, 90 s at 60°C (−0.5°C/cycle), 90 s at 72°C followed by 30 cycles 30 s at 94°C, 90 s at 55°C, 90 s at 72°C, final elongation 600 s at 72°C, then the temperature maintained at 4°C. The DNA was separated on a 2.5% agarose gel containing 10 L of SybrGreen nucleic acid gel stain (BioWhittaker Molecular Applications, Rockland, ME) per 100 mL of agarose gel. The gel pattern was documented on a UV-table using a CCD camera (Sensicam QE, PCO AG, Kehlheim, Germany) coupled with a UVfilter module (Raytest, Stranbenhardt, Germany) and compared with an internal standard (E. coli O138:K81, E. coli O147:K89:K88, E. coli CS2011, E. coli O9:K35:K99, and E. coli DSM 2840 as described by Gobel, 2003) .
Statistical Analyses
All statistical analyses were performed using SPSS (SPSS, Inc., Chicago, IL). For performance of sow BW, fecal consistency, and diarrhea, the individual animal was the experimental unit. For frequency of pathogenicity genes, ADG, ADFI, and G:F, each pen was an experimental unit. The normality of the data was checked using the nonparametric Kolmogorov-Smirnov test with the Lilliefors correction. Before analysis for treatment differences, the data were subjected to Levene's test for homogeneity of variances. The MannWhitney-U-test was used for comparison of all performance data from sows and piglets as well as the duration of periods with reduced feces consistency. The χ 2 procedure was used to compare the incidence of diarrhea and the frequency of liquid feces between treatment groups. Differences were considered significant at an alpha level of P < 0.05. The occurrence of E. coli isolates with pathogenicity genes was too infrequent to allow for statistical analyses; hence, tabular values of animals testing positive for isolates with pathogenicity genes as well as their frequencies are presented.
RESULTS

Performance
The performance characteristics of 10 sows in each treatment group are given in Table 2 . Those sows had comparable initial BW (190.7 ± 8.8 kg vs. 198 .5 ± 6.9 kg, P = 0.48) and were, with the exception of 1 sow in the probiotic group (third parity), in their first or second gestation (1.6 ± 0.13). From the initial 26 gestating sows, 4 probiotic fed sows and 2 control sows were excluded from the trial for either not meeting the exclusion criteria of 9 live born piglets or when adjustment of litter size at the end of the first day of lactation was not possible. The number of piglets per litter born live and dead as well as nursed piglets at d 3, 7, 14, and 28 of life, respectively, did not differ (Table 2) . Animal losses during the nursing period were highest in the control group, increasing from 12.4% on d 3 of lactation to 22.3% until weaning. Respective losses were numerically lower (3.6 and 16.2%) for the probiotic group. Piglet losses especially during the first 3 d of life tended to be smaller in the probiotic group (P = 0.09).
Initial piglet numbers were 232 nursed piglets and 177 weaned piglets. Not all animals remained on trial for the entire duration of the study. This was partly due to animal losses and also because 5 piglets per treatment were killed each on d 14, 28, 35, and 56, respectively. Ultimately, a total of 153 piglets (77 vs. Adjustment of litter size during the first lactation day with comparable piglets derived from sows, which were excluded from trial but received group-specific diets. 3 An additional 5 piglets per group were killed on d 14 for digesta and tissue samples. 76) were available for analysis of piglet performance data over the entire 8-wk rearing period. Large variations within treatment were noticed for BW gain (as evidenced by a 4-to 9-fold difference in ADG for the 25th and 75th percentiles during wk 5) and weightgain to feed ratio (Table 3) . Compared with the control group, supplementation of piglet diets with the E. faecium probiotic led to no apparent difference over the total trial period from d 0 to 56 and resulted in comparable BW on d 56 (20.4 ± 0.5 vs. 20.0 ± 0.4 kg, P = 0.71). Body weights at d 42 (12.1 ± 0.3 vs. 11.4 ± 0.2 kg, P = 0.043) and at d 49 (15.9 ± 0.4 vs. 15.1 ± 0.3 kg, P = 0.065) were better in the control group. Nevertheless, such increases in BW of weaned piglets were always accompanied by greater feed intake in the control group (Table 3 ). The only potential benefit due to the probiotic was a tendency (P = 0.11) for an improvement in G:F ratio during the eighth week of the trial period. However, there were no ultimate differences between both treatment groups for the overall postweaning period.
Fecal Consistency
Fecal consistency of 63 control and 62 probiotic piglets representing 8 litters per treatment group was studied over the total postweaning period of 4 wk. About 65 and 81% of observed liquid feces occurred during the first week after weaning in the control and probiotic group, respectively. In both trial groups, the prevalence of liquid feces was highest between d 32 and 34 (i.e., 4 to 6 d after weaning). However, in the control group, only 46% of such days with liquid feces fell within this period, compared with 67% in the probiotic group. In the probiotic group, only 4% of days with reduced feces consistency were observed after d 42, but 23% of liquid feces in the control group occurred after this point in time. Liquid feces (score 4) was detected in all litters, and diarrhea (defined as liquid feces for at least 2 consecutive days) occurred in 63 and 88% of all litters in the probiotic and control group, respectively. Only 62 and 56% of all piglets within an affected pen in the probiotic group, and only 67 and 59% in the control group, exhibited liquid feces and diarrhea, respectively, at the same time point (i.e., in most pens just 1 of the 2 animals per pen showed reduced feces consistency at a given time point). The overall incidence of liquid feces from d 28 to 56 was reduced (40 vs. 64%, P = 0.012) in piglets that received the probiotic E. faecium strain; that is, 25 weaned piglets in the probiotic group exhibited fecal consistencies with the score of 4 vs. 40 piglets in the control group. Applying the definition of diarrhea to those piglets, only 13 piglets (21%) from the probiotic group exhibited liquid feces on at least 2 consecutive days, whereas 24 control piglets (38%) showed such signs of diarrhea (P = 0.05). The total number of days with liquid feces (2.4 ± 0.2 vs. 2.1 ± 0.2; P = 0.36) or diarrhea (2.8 ± 0.2 vs. 2.5 ± 0.2; P = 0.41) did not differ between affected animals in the control and probiotic group. 
Pathogenicity Genes of Escherichia coli Isolates
The E. coli isolates derived from weekly fecal samples of nursed piglets were characterized regarding the occurrence of 9 pathogenicity genes (i.e., 4 toxin and 5 fimbriae genes). Colony-forming units of total fecal E. coli were comparable between treatment groups and averaged 3.1 (± 1.0) × 10 9 cfu/g feces and 3.3 (± 2.4) × 10 8 cfu/g before and after weaning, respectively (data not shown). Isolates carrying pathogenicity genes were found in each single control sample, while 1 probiotic piglet each on d 7 and 14 harbored solely negative isolates (data not shown). The studied 440 E. coli isolates carried out of 512 possible combinations of 9 pathogenicity genes each gene alone as well as 17, 7, 4, and 1 different combinations of 2, 3, 4, and 5 genes, respectively. The E. coli isolates with more than 2 pathogenicity genes were rare, exhibiting their highest frequency of 10% in the control group on d 28, where they were shed by 3 out of 5 examined animals (Table 4) . Before the 28th day, isolates without any pathogenicity gene (negative isolates) were the most abundant group, averaging 47 and 52% of all isolates in this period in the control and probiotic group, respectively. Isolates with pathogenicity genes carried mostly just 1 or a combination of 2 of the examined genes with mean frequencies between 20 to 42% and 10 to 65%, respectively, depending on group and sampling age (Table 4) . Table 5 gives the percentage of total E. coli isolates, which were positive for at least one of the dominant pathogenicity genes, per treatment group and per sampling day. In addition, the number of animals shedding those isolates is supplied. The distribution and frequency of each pathogenicity gene and their combinations varied widely between both treatment groups. Adhesion genes occurred by far less often than toxin genes in isolates of the dominant E. coli population. Genes for the heat stable toxins II and I were most widely distributed between studied isolates of both treatment groups. Depending on sampling date, one-third or more of all isolates contained est2 or est1b as single gene or in combination with other pathogenicity genes, whereas the most prominent adhesion gene fimf41a occurred always in less than 16% of all isolates (Table 5 ). With weaning, the frequency of isolates carrying pathogenicity genes, especially est2 and est1b increased, whereas negative isolates decreased to 8 and 20% of all isolates 1 wk after weaning in the control and probiotic group, respectively (Table 4) . At this time point est2 and est1b were primarily detected in both treatment groups in isolates carrying both genes in combination (Table 5) .
DISCUSSION
This study investigated the influence of a long-term probiotic application on performance and diarrhea in (5) 46 (5) 42 (5) 10 (2) 2 (1) D 14
40 (4) 28 (3) 28 (4) 38 (4) 8 (2) D 21 50 (5) 64 (5) 20 (4) 14 (4) 2 (1) D 28
50 (5) 24 (4) 32 (5) 34 (5) 10 (3) D 35
50 (5) 8 (1) 32 (5) 60 (4) 40 (4) 53 (4) 26 (3) 20 (3) 3 (1) D 21 40 (4) 48 (4) 40 (4) 10 (2) 3 (1) D 28 40 (4) 10 (2) 20 (2) 65 (4) 5 (1) D 35 40 (4) 20 (2) 30 (3) 50 (4) ND 1 Frequency per time point and treatment group may add up to more than 100% because of impreciseness produced by rounding up a single frequency.
2
Number of animals per time point and treatment is not additive. Because each animal is represented by 10 isolates, which may carry different pathogenicity genes, each animal could be included in more than 1 column of the table.
3 ND = none detected.
piglets and their sows as well as the diversity of pathogenicity genes in fecal E. coli isolates over time. The scientific rationale behind this experimental setup originated from the observation that probiotic bacteria can be conferred to piglets by contact with maternal feces in combination with the strong indication that long-term application of probiotics modifies the intestinal microbiota of sows and hence their fecal microbiota. Preliminary results of denaturing gradient gel electrophoresis experiments conducted on PCR amplicons of fecal DNA extracts of sows in this trial demonstrated a stronger modification of maternal microbiota of probiotic fed sows than of control sows during a period of 2 mo ante partum . Furthermore, the detection of the probiotic in nursed piglets before access to creep feed (d 1 to 14), which has been reported by Macha et al. (2004) using the same animals as this trial, demonstrates that at least the probiotic strain and most likely also the maternal fecal bacterial community were transferred to the piglets.
On the other hand, overall performance of piglets did not show any significant changes for ADG, ADFI, and G:F ratio. While other studies with piglets and poultry show that probiotics may exert positive effects on animals, in particular on feces consistency, most trials revealed only insignificant increases in weight gain or feed conversion (Vanbelle et al., 1990; Simon et al., 2001) . A recently published trial (Broom et al., 2005) , using the same probiotic preparation as we did, detected no influence on piglet performance. They cite as possible explanation the postulate that growth promotional compounds become more effective as the environmental and nutritional challenges confronting the animal are exacerbated (Madec et al., 1998; Cromwell, 2000) . Despite debarment from antibiotic use, relatively high preweaning mortality, and postweaning diarrhea incidence, the conditions in this study might not have been severe enough to allow positive performance effects. An indication of this might be the short and self-limiting duration of diarrhea and the low pathogenicity gene frequency, especially of adhesion genes, some of which are of pathogenic importance (Frydendahl, 2002) . The decreased incidence of liquid feces and the duration of diarrhea were comparable to an earlier feeding trial with piglets and the same probiotic (Mä nner and Spieler, 1997) , in which the piglets were orally dosed on the first and fourth day of life, following which they received the probiotic in starter and fattening diets. As seen in the trial from Mä nner and Spieler (1997), in which sow diets did not receive probiotic supplementation, it may be assumed that oral dosing acts in the same manner as probiotic transmission by maternal feces to young nursed piglets. Such observations occurred in this study and have already been reported . Indirect probiotic colonization via sow feces might be accompanied by the advantageous effects of an altered fecal microbiota as well as imaginable modifications of immunogenic factors in sow feces and milk (Schanler, 2000) . Whether by direct or indirect action, probiotic treatment had an impact on diarrhea incidence and possibly also on occurrence of potentially pathogenic E. coli isolates. However, distribution and frequency of genes for virulence factors and their combinations varied widely within both supplementation groups. We detected mainly isolates without any pathogenicity genes and found adhesion genes only in low frequencies, which is comparable with early studies (Kwon et al., 1999; Osek, 1999) , but which focused on diarrheic Genes est2, est1b, elt1a, stx2e, fae, fan, fas, fedA, and fimf41a encode heat stable toxins II + I, heat labile toxin I, shiga-like toxin IIe, as well as adhesins F4, F5, F6, F18ab, and F41, respectively. 2 Various other genes found in the respective combination, with each gene combination detected per group and over all time points in less than 4%: SGA = second gene A was elt1a, stx2e, fae, fan, fedA, or fimf41a, respectively; SGB = second gene B was elt1a, fae, fas, fedA, or fimf41a, respectively; TRD = third gene was elt1a, fan, fedA, or fimf41a, respectively; FRT = fourth gene was stx2e, fae, fas, fedA or, in the case of a 3-gene combination, no further pathogenicity gene, respectively.
